The ability to respond to various intracellular and/or extracellular stresses allows the organism to adapt to changing environmental conditions and drives evolution. It is now well accepted that a progressive decline of the efficiency of stress response pathways occurs with aging. In this context, a correct proteostasis is essential for the functionality of the cell, and its dysfunction has been associated with protein aggregation and age-related degenerative diseases. Complex response mechanisms have evolved to deal with unfolded protein stress in different subcellular compartments and their moderate activation translates into positive effects on health. In this review, we focus on the mitochondrial unfolded protein response (UPR mt ), a response to proteotoxic stress specifically in mitochondria, an organelle with a wide array of fundamental functions, most notably the harvesting of energy from food and the control of cell death. We compare UPR mt with the extensively characterized cytosolic heat shock response (HSR) and the unfolded protein response in endoplasmic reticulum (UPR ER ), and discuss the current knowledge about UPR mt signaling pathways as well as their potential involvement in physiology.
Introduction -reaction to stress and adaptive response
One of the keystones driving evolution is the capacity to detect, and respond and adapt to various stressors in the environment through the development of defensive mechanisms at a cellular level that protect the entire organism and maintain its capacity to grow and reproduce (Badyaev, 2005) . A large body of evidence has established that stress adaptation and aging are intimately linked (Kourtis and Tavernarakis, 2011) . The concept that stress responses and the aging process share common mechanisms arose initially from studies in model organisms, where the identification of molecular pathways that regulate aging -insulin/insulin-like growth factor (IGF), sirtuins, target of rapamycin (TOR), AMP-activated kinase (AMPK) -highlighted that intrinsic induction of stress defense programs and the resulting adaptation can increase life expectancy (Haigis and Yankner, 2010) . As a case in point, downregulation of insulin/IGF-1 signaling promotes stress defense and increases lifespan from worms to mice (Holzenberger et al., 2003; Kenyon et al., 1993; Kimura et al., 1997) . Over time, it became clear that applying moderate levels of stress could trigger beneficial and adaptive stress defense pathways, allowing longer life (Gems and Partridge, 2008) ; this is now known as a 'hormetic stress response' and drew the interest of the scientific community for its potential application in the pharmacological management of agerelated diseases. Illustrative of such a hormetic stress response is the reaction to the low dose energy stress induced by caloric restriction, which prolongs lifespan in a wide array of species from yeast to primates (Mair and Dillin, 2008) .
Maintenance of protein homeostasis, also known as 'proteostasis', which refers to all the cellular pathways that govern the production, folding and degradation of proteins, is essential for cellular and organismal functionality and survival. Complex pathways to ensure proteostasis in different subcellular compartments, defined as unfolded protein responses (UPRs), have evolved in the cytosol, endoplasmic reticulum and mitochondria, which are finely coordinated and require a close communication with the nucleus. Dysfunction of proteostasis is associated with protein aggregation and is a feature of several age-related diseases (Kikis et al., 2010) . While the unfolded protein response in the endoplasmic reticulum (UPR ER ) and the cytosolic heat shock response (HSR) have been extensively studied (Vabulas et al., 2010; Walter and Ron, 2011) , the mitochondrial unfolded protein response (UPR mt ) was more recently discovered and sheds light on the complex relationships between this organelle and the nucleus . In this review we discuss the complex molecular mechanisms of proteotoxic stress responses in different cellular compartments with a focus on the UPR mt and its role in health and life-span regulation.
UPRs

Proteostasis in the cytosol and the endoplasmic reticulum
Most cellular proteins are folded directly after translation in the cytosol with the assistance of chaperones, whereas membrane and secreted proteins fold and mature in the endoplasmic reticulum. Specific response mechanisms help the cell to cope with the accumulation of misfolded proteins in these cellular compartments and include the irreducible steps of detection of cellular stress, transduction of the stress signal to the nucleus, triggering of the defense programs and restoration of cellular homeostasis. Upon sustained stress, when response mechanisms fail to restore homeostasis, apoptotic pathways may be activated as a last line of defense to ensure survival of the multicellular organism.
The HSR manages denatured proteins in the cytosol (Morimoto, 2011; Vabulas et al., 2010) . The major player is the transcription factor heat shock factor 1 (HSF1), which is activated during cellular stress and induces the transcription of chaperones and other protective genes. Under normal conditions HSF1 is bound to the cytosolic chaperones heat shock protein (HSP)90 and HSP70 in a monomeric inactive form. When the load of unfolded proteins increases, these chaperones will dissociate from HSF1 and be recruited to unfolded proteins. HSF1 then trimerizes and translocates to the nucleus, where it is post-translationally modified and activates the transcription of HSPs.
The mitochondrial unfolded protein response, a conserved stress response pathway with implications in health and disease Virginija Jovaisaite*, Laurent Mouchiroud* and Johan Auwerx ‡ UPR ER is mediated by three transmembrane sensors: inositol requiring element 1 (IRE1), PKR-like endoplasmic reticulum (ER) kinase (PERK) and activating transcription factor 6 (ATF6), which are retained in an inactive state by the chaperone BiP/GRP78 (Walter and Ron, 2011) . During ER stress, released and activated sensors elicit the following main responses to unfolded protein stress. PERK phosphorylates and thereby inhibits the eukaryotic translation initiation factor 2α (eIF2α) to prevent further protein synthesis, ATF6 is proteolytically cleaved and translocates to the nucleus to induce the transcription of ER chaperones, while IRE1 splices the mRNA of XBP1, leading to a functional transcription factor which consequently activates genes involved in misfolded protein export and degradation. Prolonged UPR ER induces apoptosis via several pathways downstream of PERK, ATF6 and IRE1, including c-Jun N-terminal kinase (JNK), transcription factor C/EBP homologous protein (CHOP) and B-cell lymphoma 2 (BCL2) family proteins, which activate proapoptotic factors, leading to the final execution of cell death (Szegezdi et al., 2006) .
Proteostasis in mitochondria, the UPR mt
Mitochondria originated from endosymbiosis of eukaryotic progenitor cells with proteobacteria, which provided their host with the advantage of efficient ATP production via oxidative phosphorylation (OXPHOS) (Gray et al., 2001) . Through evolution, mitochondria became well-integrated organelles interconnected with other cell compartments and able to quickly adapt to changing conditions. Mitochondria perform a number of crucial functions in the cell, which include energy harvesting, programmed cell death, regulation of Ca 2+ levels and biosynthesis or metabolism of lipids, amino acids and iron sulfur (Fe-S) clusters (Nunnari and Suomalainen, 2012) .
The mitochondrial proteome is composed of ~1500 proteins, encoded by both mitochondrial and nuclear genomes (Pagliarini et al., 2008) . Whereas 13 essential proteins of the electron transport chain (ETC) together with part of the required machinery for their synthesis are encoded by the mitochondrial DNA (Anderson et al., 1981) , the vast majority of mitochondrial proteins are encoded in the nucleus and must be imported from the cytoplasm. As mitochondria contain separate matrix and intermembrane space (IMS) compartments, enclosed by inner and outer membranes, which complicates protein import, elaborate targeting and sorting machineries exist to deliver the proteins to their correct mitochondrial destinations (Neupert and Herrmann, 2007) . Most mitochondrial matrix proteins such as metabolic enzymes and intermembrane (IM)-tethered matrix-facing ETC proteins are imported as precursors with an N-terminal matrix-targeting sequence (MTS), which is recognized by the mitochondrial translocation machinery (Neupert and Herrmann, 2007) . Precursor proteins are transported across mitochondrial membranes by translocase of outer membrane (TOM) and translocase of inner membrane (TIM) complexes in a largely unfolded state. Upon translocation into the mitochondria, the MTS is cleaved and proteins undergo chaperone-assisted folding, followed, if needed, by assembly into multiprotein complexes (Neupert and Herrmann, 2007) .
There are two major mitochondrial chaperone systems that facilitate protein folding in the matrix: mtHSP70, part of presequence translocase-associated import-motor (PAM) complex, which directly folds the incoming proteins, and multimeric HSP60-HSP10 machinery in the matrix (Chacinska et al., 2009 ). Complementary to the action of chaperones to maintain proteostasis, protein quality control (PQC) proteases, specific for each mitochondrial compartment, recognize and degrade the proteins that fail to fold or assemble properly (Tatsuta and Langer, 2008) . In this context, the UPR mt senses the perturbations that overload its quality control network capacities, and activates the transcription of nuclearencoded protective genes in order to re-establish mitochondrial homeostasis .
As the mitochondrion is an organelle enclosed by a double membrane, the signal transmission from the unfolded mitochondrial proteins to the nucleus cannot be achieved using a system similar to HSR and UPR ER , which is regulated via interactions between signaling proteins and chaperones. The best-described mitochondriato-nucleus signal transduction pathway is the retrograde response (RTG), which is used for metabolic adaptations in response to decreased mitochondrial activity in yeast (Liu and Butow, 2006) . However, the RTG does not modulate the expression of mitochondrial chaperones, suggesting that UPR mt has a distinct regulatory mechanism .
While UPR mt was first discovered in mammals (Martinus et al., 1996) , the molecular mechanism involved has been more extensively studied in the model organism Caenorhabditis elegans (Pellegrino et al., 2013) . Worm strains, expressing a GFP reporter fused to promoters of the mitochondrial chaperones HSP-6 and HSP-60 (homologs of mammalian mtHSP70 and HSP60, respectively), were used to evaluate the activation of the UPR mt pathway. The temperature-sensitive zc32 C. elegans strain, which conditionally activates UPR mt , has been isolated by ethyl methanesulfonate (EMS) mutagenesis, but its molecular target remains obscure (Benedetti et al., 2006) . However, in most studies, specific manipulations that all trigger proteotoxic stress in the mitochondria have been used to induce UPR mt experimentally. Paraquat treatment leading to excessive production of reactive oxygen species (ROS) activates UPR mt (Runkel et al., 2013) . Additionally, UPR mt can be induced by inactivation of multiple genes implicated in the mitochondrial protein-handling machinery, such as by RNAi of PQC protease paraplegin/spg-7, as well as other proteins involved in importing, sorting and processing of the mitochondrial proteome (Yoneda et al., 2004) . Importantly, disruption of stoichiometric balance between components of OXPHOS complexes I, III, IV and V, which are encoded by both mitochondrial and nuclear genomes, activates UPR mt . First, interference with the expression of mitochondrial genome-encoded ETC components, either by depletion of mtDNA using ethidium bromide (Yoneda et al., 2004) or by inhibition of mtDNA translation by doxycycline treatment and RNAi of mitochondrial ribosomal proteins , all trigger the response. Likewise, downregulation of nuclear-encoded cco-1 (complex IV), isp-1 (complex III) and clk-1 (ubiquinone synthesis) also induces UPR mt Durieux et al., 2011) . These manipulations deplete single components of particular OXPHOS complexes and presumably overload the mitochondrial chaperones with their respective partner proteins, which cannot be assembled into multiprotein complexes.
UPR
mt signaling in C. elegans UPR mt signaling originates in the matrix of the mitochondria, when the misfolded or unassembled proteins accumulate and overload the capacity of the chaperones. Consequently, the excessive proteins are digested into short peptides of 6-30 amino acids in length by the CLPP-1 proteolytic complex ( Fig. 1) (Haynes et al., 2007) . These peptides are transported by an inner membrane-spanning ATPbinding cassette (ABC) transporter HAF-1 from the matrix into the IMS and then presumably diffuse into the cytoplasm . It has recently been suggested that the released peptides weaken mitochondrial import. Consequently, the main UPR mt regulator, the leucine zipper transcription factor ATFS-1 is able to translocate to the nucleus and activate the response genes . ATFS-1, which contains both nuclear localization/export (NLS) and mitochondrial targeting sequences (MTS) acts as a link between the mitochondria and nucleus in UPR mt signaling (Fig.1) . Under basal conditions, ATFS-1 is imported into the mitochondrial matrix and degraded by the LON protease . Because of impaired protein import into the mitochondria during proteotoxic stress, ATFS-1 cannot be targeted to the mitochondria for degradation. As a result, ATFS-1 translocates to the nucleus, where it activates a broad protective transcriptional program.
In the nucleus, ATFS-1 induces mitochondrial protein quality control by transcriptional activation of chaperone and protease genes . In addition, expression of proteins involved in mitochondrial import, ROS detoxification and protection against mitochondrial dysfunction are all induced by ATFS-1, which ultimately reconstitutes the mitochondrial homeostasis . Moreover, a few glycolysis genes are upregulated by ATFS-1, which indicates that UPR mt is able to shift the global cell metabolism from respiration to glycolysis for ATP production when mitochondria are stressed . Two additional proteins are considered to play a role in UPR mt transcriptional regulation: small ubiquitin-like protein UBL-5 and homeodomaincontaining transcription factor DVE-1 (Benedetti et al., 2006; Haynes et al., 2007) . Upon mitochondrial stress the expression of UBL-5 is induced and both UBL-5 and DVE-1 translocate into the nucleus (Fig.1) . The two proteins form a complex, which associates with the promoter of the mitochondrial chaperone hsp-60 gene and activates its transcription. Presumably the UBL-5 and DVE-1 complex cooperates with ATFS-1 to activate chaperone expression, but the mechanism of this interaction has not been investigated. As the closest DVE-1 homologs in mammals are the global chromatin organizers SATB1 and SATB2 (Dobreva et al., 2003; Yasui et al., 2002 ) the DVE-1/UBL-5 complex in C. elegans might mediate chromatin remodeling in order to facilitate ATFS-1 access to chaperone promoters.
The crosstalk between UPR mt and UPR ER in C. elegans has recently been identified . Inhibition of cytosolic translation by phosphorylation of eIF2α is one of the main responses during ER stress mediated by PERK (Harding et al., 1999) . Downregulation of protein translation in the cytosol was also detected during mitochondrial proteotoxic stress . Within the context of UPR mt , general control non-repressed 2 (GCN-2) kinase and the GLC7-like phosphatase (GSP-1) alter the phosphorylation status of eIF2α (Fig. 1) . Under mitochondrial unfolded protein stress, GCN-2 phosphorylates eIF2α and thus inhibits protein translation in the cytoplasm, which sequentially reduces the folding load on mitochondrial chaperones . The GCN-2-mediated phosphorylation was shown to be dependent on ROS generated in dysfunctional mitochondria. As ATFS-1 and HAF-1 activities are not required for eIF2α phosphorylation, GCN-2 is defined as a player of a parallel complementary protective pathway in UPR mt regulation. Additionally, phosphoinositide 4-kinase (PIFK-1) has been suggested to act in the signaling of both UPR mt and UPR ER activated by ROS inducer paraquat; however, its mechanism of action in these pathways has not yet been investigated (Runkel et al., 2013) .
UPR mt signaling in mammals
In mammals, the UPR mt signaling mechanism has been investigated in cell culture models by ethidium bromide treatment (Martinus et al., 1996) and overexpression of aggregation-prone mutant protein ornithine transcarbamylase (OTC) targeted to the mitochondrial matrix (Zhao et al., 2002) . Several components of the pathway, such as the mitochondrial chaperones and the quality control protease ClpP were shown to be conserved from C. elegans. However, Chaperones heat shock protein (HSP)-6, HSP-60 and the protease CLPP-1 perform protein quality control in the mitochondria. When unfolded, misfolded or unassembled proteins accumulate in the matrix, CLPP-1 cleaves the proteins into short peptides, which are exported by the transporter HAF-1 into the cytoplasm and thereby inhibit mitochondrial protein import. As a result, the transcription factor ATFS-1 cannot be imported into mitochondria for degradation, and therefore translocates to the nucleus, where, presumably in a complex with small ubiquitin-like protein UBL-5 and homeodomain-containing transcription factor DVE-1, it activates the transcription of stress response genes, which reconstitute mitochondrial homeostasis. In a complementary pathway, reactive oxygen species (ROS), generated by oxidative phosphorylation (OXPHOS) complexes (I-V) under stress, activate GCN-2 kinase, which inhibits cytosolic protein translation by phosphorylation of eukaryotic translation initiation factor 2α (eIF2α), thus reducing the protein-folding load in the mitochondria. TIM, translocase of inner membrane complex; TOM, translocase of outer membrane complex; NLS, nuclear localization/export sequence; MTS, mitochondrial targeting sequence; mt, mitochondria.
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downstream signaling steps and transcriptional regulation of UPR mt remain not well understood. In response to unfolded protein stress in mammalian cells, the expression of the nuclear encoded mitochondrial chaperones HSP60, HSP10 and mtDnaJ, and the protease ClpP is induced in a transient manner, the extent of which correlates with the level of unfolded proteins in mitochondria (Zhao et al., 2002) . In addition, mitochondrial proteases YME1L1 and PMPCB, the import component TIMM17A and the enzymes NDUFB2, endonuclease G and thioredoxin 2 are all upregulated during UPR mt (Aldridge et al., 2007) . Bioinformatics analysis identified conserved regulatory elements in promoters of these UPR mt -responsive genes (Fig. 2) . One of these elements was shown to be bound by a heterodimer of leucine zipper transcription factors CHOP and C/EBPβ, leading to UPR mt -responsive gene induction (Zhao et al., 2002) . CHOP is induced during mitochondrial proteotoxic stress; however, it is also activated during UPR ER and is well known for its role in mediating apoptotic cell death under conditions of extreme ER stress (McCullough et al., 2001) , questioning its specificity in UPR mt regulation. Interestingly, both CHOP and C/EBPβ contain an AP-1 binding site in their promoter, which is required for UPR mt but not for induction of genes in UPR ER . The transcription factor c-Jun binds to this AP-1 site (Weiss et al., 2003) , suggesting regulation of UPR mt by the JNK pathway ( Fig. 2 ) (Jaeschke et al., 2006) . In the proximity of the CHOP binding site, two mitochondrial unfolded protein response elements (MURE1 and MURE2) (Aldridge et al., 2007; Zhao et al., 2002) are present in promoters of UPR mt -responsive genes (Fig. 2) . Possibly, as yet unidentified transcription factors or regulators binding to MUREs could in part mediate the UPR mt specificity. Similar to the role of GCN-2 in C. elegans , dsRNA-activated protein kinase (PKR), also known as eukaryotic translation initiation factor 2-α kinase 2 (EIF2AK2), mediates phosphorylation of eIF2α, thus attenuating protein translation in the cytosol during UPR mt in mammalian systems (Fig. 2) (Rath et al., 2012) . Interestingly, PKR together with ClpP is also required for the activation of c-Jun, the transcriptional regulator of CHOP (Rath et al., 2012) .
Recent findings show the presence of a separate UPR from the 'classical' matrix UPR mt , which senses unfolded proteins specifically in the mitochondrial IMS (Fig. 3) . This type of UPR mt induces a protective program, which is not dependent on CHOP (Papa and Germain, 2011) . IMS protein quality control is different from that of matrix proteins and is performed in two steps. First, misfolded proteins, targeted to the IMS, are ubiquitinated and degraded by the 26S proteasome in the cytoplasm. Second, if any unfolded and excessive proteins still enter the IMS, they are eliminated by the protease HTRA2 (also known as Omi) (Radke et al., 2008) . Overexpression of aggregate-forming IMS proteins results in ROS overproduction and protein kinase B (AKT) phosphorylation, which induces the activation of estrogen receptor α (ERα) (Fig. 3) (Papa and Germain, 2011) . ERα then boosts the protein quality control in IMS by increasing the levels of HTRA2 and the activity of the proteasome (Fig. 3) . In addition, ERα activation enhances the transcription of the nuclear respiratory factor 1 (NRF1), which further protects mitochondria and prevents loss of mitochondrial potential.
Mitochondrial unfolded protein response in aging
A gradual decrease of mitochondrial function occurs during aging, as demonstrated by numerous studies using simple organisms as well as mammalian models (Pulliam et al., 2012) . Indeed, a global RNAi screen in C. elegans identified that genes important for mitochondrial function stand out as the most important in affecting the duration of lifespan (Lee et al., 2003) . Furthermore, mutations of mitochondrial ETC components in various organisms, such as yeast, C. elegans, Drosophila melanogaster and mouse were shown to increase their lifespan (Copeland et al., 2009; Dell'Agnello et al., 2007; Dillin et al., 2002; Feng et al., 2001; Lapointe et al., 2009; Liu et al., 2005) . Interestingly, the lifespan of C. elegans can only be improved if ETC inhibition occurs no later than during the L3/L4 larval stage of development (Dillin et al., 2002) , when massive mitochondrial proliferation takes place (Tsang and Lemire, 2002) . This suggested existence of a regulatory system, which inspects mitochondrial activity early in life and through an adaptive response, establishes the rate of aging, which persists during the whole life, presumably through epigenetic changes (Dillin et al., 2002) . It has recently been shown that knockdown of complex IV component cco-1 only during larval development triggers UPR mt , which is Upon mitochondrial stress, c-Jun N-terminal kinase (JNK)2 and dsRNA-activated protein kinase (PKR) contribute to the activation of transcription factor c-Jun, which binds to AP-1 elements and activates transcription of the transcription factors CHOP and C/EBPβ. Dimers of CHOP and C/EBPβ then bind to the CHOP element on the promoter of UPR mt genes that encode mitochondrial protein quality control proteins, such as HSP60 and ClpP, and mitochondrial import components. Two other conserved elements in promoters of UPR mt response genes, MURE1 and MURE2, are presumably bound by factors that have not yet been identified. PKR inhibits cytosolic protein translation by mediating phosphorylation of eIF2α.
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The Journal of Experimental Biology (2014) doi:10.1242/jeb.090738 maintained into adulthood and is associated with longevity (Durieux et al., 2011) . This effect is tissue specific, based on findings that inhibition of ETC specifically in intestine or neurons, but not in muscle, is sufficient to increase longevity in a UPR mt -dependent fashion, as evidenced by the requirement for the UPR mt component UBL-5. Interestingly, ETC impairment in neurons can activate UPR mt in the worm intestine, which suggests the existence of a released extracellular 'mitokine', which can migrate from the producing cell type and activate UPR mt in distant receiving tissues (Durieux et al., 2011) . The neuronally produced mitokine can spread the adaptive stress response to other tissues, preparing the entire worm against the harmful insult.
We recently showed that activation of UPR mt correlates with longevity both in C. elegans and in mice . Using the BXD isogenic genetic reference population of mice with a high level of genetic variability in their genome (Peirce et al., 2004) , we mapped a quantitative trait locus for mouse lifespan on chromosome 2. The expression of mitochondrial ribosomal protein S5 (Mrps5), encoded in this region, strongly correlated with longevity, with a 50% reduction of Mrps5 expression in the BXD strains causing a lifespan extension of ~250 days. In C. elegans, mrps-5 RNAi increased lifespan by more than 50% and maintained health, revealing a strong causality between this gene and aging regulation .
Knockdown of mrps-5 expression reduces the translation of mtDNA-encoded ETC components, which results in a mitonuclear protein imbalance between mtDNA and nuclear DNAencoded OXPHOS complex components. This imbalance is perceived as mitochondrial proteotoxic stress, which subsequently activates UPR mt and prolongs lifespan. This hypothesis is consistent with previous findings that only RNAi against OXPHOS complexes I, III, IV and V, which are encoded by both genomes, can extend lifespan (Dillin et al., 2002) , while mutations in complex II proteins, encoded by only nuclear DNA, result in a shortened rather than extended lifespan (Kuang and Ebert, 2012) . In accordance to the results using C. elegans, Mrps5 as well as genes involved in OXPHOS associate with Hsp60 in a close expression correlation network in the mouse BXD lines, suggesting that mito-nuclear imbalance leading to UPR mt and potentially beneficial effects on lifespan may be conserved across species. Correspondingly, RNAi of most of the specific UPR mt components in C. elegans leads to deficient mitochondria and premature aging phenotypes (Table 1) .
We subsequently used antibiotics -doxycycline and chloramphenicol -that specifically target bacterial translation and thus also inhibit mitochondrial translation, to pharmacologically mimic the reduction of mrps-5. Treatment of both C. elegans and mouse hepatocyte cell cultures with these antibiotics triggered mitonuclear imbalance, leading to a robust UPR mt and an increased lifespan in C. elegans . Interestingly, exposing worms and cells to the well-known longevity compounds rapamycin and resveratrol, which are mitochondrial biogenesis inducers and, differently from mrps-5 and ETC downregulation, increase mitochondrial respiration, also induced UPR mt . Moreover, treatment with NAD + boosters, such as nicotinamide riboside (NR) and poly(ADP-ribose) polymerase inhibitors (PARPi), which stimulate mitochondrial biogenesis via the sirtuin 1 (SIRT1) pathway, also induced a mito-nuclear protein imbalance resulting in UPR mt in mammalian cells and in C. elegans . In line with the beneficial and protective effects of UPR mt , the stimulation of the SIRT1 pathway also increased worm lifespan . This suggests that UPR mt , triggered by different mitochondrial stresses, i.e. by increasing protein-folding workload during biogenesis or by mitonuclear proteostatic imbalance, could be the underlying mechanism leading to increased longevity.
These results highlight the importance of UPR mt in the control of mitochondrial function across multiple species. Furthermore, if the C. elegans data can be extended to mammals, one can speculate that health and lifespan may be improved by using pharmacological agents to activate UPR mt .
Conclusions
Our understanding of UPR mt has so far already provided useful information about the communication between mitochondria and nucleus, and has contributed to deciphering the role of mitochondria in lifespan regulation from simple model organisms to mammals. However, further clarification of the full complexity of the UPR mt pathway and its role in physiology and aging will pose a scientific challenge for years to come. First, the identification of possible functional mammalian homologs of the key elements that constitute the UPR mt in the worm 
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The Journal of Experimental Biology (2014) doi:10.1242/jeb.090738 (e.g. the nature of the mitochondrial peptides, ATFS-1 and HAF-1) would allow a better description and mechanistic understanding of the UPR mt pathway in mammals. It will also be important to identify how UPR mt is specified and cross-talks with similar defense mechanisms against proteotoxic stress in other cellular compartments, such as the cytoplasmic HSR or UPR ER ; as discussed above, certain signaling nodes are common between all these pathways. The physiological role of UPR mt in development, health, disease and aging should likewise be determined. We need to evaluate whether, similar to the worm, UPR mt is a developmentally confined pathway in mammals. Mapping the precise periods in mammalian development where this response may be essential is therefore of utmost importance. Furthermore, the physiological conditions in which this pathway is solicited, e.g. specific diet, exercise, stress and their possible contribution to improving health, should be determined. Also of note is that UPR mt can be activated at a distance. This involves secreting cells (e.g. neurons) that produce an endocrine signal, which activates their cognate receptor in the receiving cells, so that they also can mount an adaptive response. Identifying the mitokine signal-receptor tandem in the worm model and ultimately in mammals is hence expected to be a hot area of future research. Finally, defining the mechanisms that help the cell to memorize and maintain the beneficial adaptive response through epigenetic or mitogenetic modifications and imprinting will be essential.
While these outstanding issues are being addressed, we should not forget that this pathway could provide therapeutic opportunities that may help us to manage some of the most pervasive diseases that are associated with aging, such as metabolic diseases, cancer and neurodegenerative diseases. Drawing parallels with the beneficial impact of UPR mt in C. elegans, targeting this pathway via nutritional and/or pharmaceutical approaches could hence also improve health and lifespan in higher organisms and eventually help to manage some of the common age-related diseases. 
